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ABSTRACT 8 
The objective of this research is to determine the molecular structure of the mineral hinsdalite 9 
using vibrational spectroscopy.  The mineral hinsdalite (Pb,Sr)Al3(PO4,SO4)2(OH)6 is a 10 
hydroxy phosphate-sulphate mineral belonging to the beudantite subgroup of alunites. The 11 
mineral is interesting because it contains two oxyanions, phosphate and sulphate, which is 12 
unusual. The formation of hinsdalite offers a mechanism for the removal of phosphate from 13 
the environment. 14 
The mineral has been characterised by Raman spectroscopy and infrared spectroscopy. The 15 
spectra are then related to the molecular structure of the mineral.  Bands at various 16 
wavenumbers are assigned to the different vibrational modes of hinsdalite, which were then 17 
associated to the molecular structure of the mineral. Bands were primarily assigned to 18 
phosphate and sulphate stretching and bending modes. The Raman spectrum is characterised 19 
by an intense sharp band at 982 cm-1 with a component band at 997 cm-1 assigned to the ν1 20 
(PO4)3- symmetric stretching modes. Two symmetric stretching modes for both phosphate 21 
and sulphate supported the concept of non-equivalent phosphate and sulphate units in the 22 
mineral structure. Bands in the OH stretching region enabled hydrogen bond distances to be 23 
calculated. Hinsdalite is characterised by disordered phosphate/sulphate tetrahedra and non-24 
equivalent phosphate units are observed in the vibrational spectrum of hinsdalite. 25 
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 28 
INTRODUCTION 29 
The exact formula of the mineral hinsdalite depends upon the origin of the mineral and may 30 
be either calcium or strontium dominant. The mineral hinsdalite (Pb,Sr)Al3(PO4)(SO4)(OH)6 31 
is a lead-strontium-aluminium hydroxyl phosphate-sulphate [1-4].  Hinsdalite was discovered 32 
in 1911 [5], and significant deposits are found in Australia at Zeehan, Tasmania [6].  33 
Hinsdalite belongs to the beudantite mineral group with general formula 34 
AB3(XO4)(SO4)(OH)6 where A is Ca, Sr, Ba or Pb and B is Al or Fe3+ and X may be S, As or 35 
P [7, 8]. Minerals in the beudantite mineral group form part of the alunite-jarosite supergroup 36 
of minerals [9]. Minerals in this group form extensive solid solutions [10, 11].  The minerals 37 
are hexagonal and of point group 53dD  and space group ( mR
_
3 ) [12-14]. The mineral is most 38 
often colourless, white or pale green coloured  and is associated with barite, galena and 39 
pyromorphite. The mineral is formed through the oxidation of sulphide deposits and forms 40 
primary or early alteration minerals in sulphide vein deposits and occurs with other sulphides. 41 
Hinsdalite may be found with plumbogummite PbAl3(PO4)2(OH)5·(H2O) and the distinction 42 
between plumbogummite and hinsdalite may be quite difficult. A pseudomorph of hinsdalite 43 
has been discovered in the same mineral site [15, 16]. The presence of minerals such as 44 
hinsdalite, plumbogummite and corkite have been described as indicator minerals as their 45 
presence indicates the occurrence of primary minerals [17].  Eighmy et al. stated that 46 
hinsdalite is an environmentally important mineral [18]. 47 
 48 
From a spectroscopic point of view, the mineral is most interesting because it contains both 49 
sulphate and phosphate anions together with OH units. Limited vibrational spectroscopic data 50 
is available on this mineral [19, 20].  Previous studies by the authors on the Raman 51 
spectroscopy of alunites [21] and jarosites [22, 23] have been published.  Breitinger  et al. has 52 
published the Raman and infrared spectra of synthetic crandallites CaAl3(PO4)2(OH)5·H2O, a 53 
structurally related mineral  [24, 25].  Raman spectroscopy has proven very useful for the 54 
study of minerals.  Indeed Raman spectroscopy has proven most useful for the study of 55 
diagenetically related minerals as often occurs with minerals containing sulphate and 56 
phosphate groups, including hinsdalite (Pb,Sr)Al3(PO4)(SO4)(OH)6, woodhouseite 57 
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Ca,Al3(PO4)(SO4)2(OH)6 and svanbergite SrAl3(PO4)(SO4)2(OH)6.  Raman spectroscopy is 58 
especially useful when the minerals are X-ray non-diffracting or poorly diffracting and very 59 
useful for the study of amorphous and colloidal minerals.  The mineral hinsdalite is poorly 60 
diffracting because of the randomization of the sulphate and phosphate tetrahedra.  Infrared 61 
data for the mineral hinsdalite is rare. A study by Gevorkyan et al. [20] offered some infrared 62 
data in a comparative study of minerals from the crandallite group. There have been no 63 
Raman spectroscopic studies of the mineral hinsdalite. This paper is part of systematic study 64 
of vibrational spectra of minerals of secondary origin in the oxide supergene zone. In this 65 
work, bands at various wavenumbers are attributed to the vibrational modes of hinsdalite 66 
using Raman spectroscopy complimented with infrared spectroscopy and are related to the 67 
structure of hinsdalite.  68 
Experimental 69 
Sample description 70 
The mineral hinsdalite was supplied by The Mineralogical Research Company.  The 71 
samples originated from Sylvester Mine, Zeehan, Tasmania, Australia [3]. The mineral 72 
sample was confirmed by X-ray powder diffraction and the chemical analyses determined 73 
using an electron probe. Hinsdalite is named from the type locality at the Golden Fleece 74 
Mine, Lake City, Hinsdale County, Colorado.   75 
Raman spectroscopy 76 
Crystals of hinsdalite were placed on a polished metal surface on the stage of an Olympus 77 
BHSM microscope, which is equipped with 10x and 50x objectives. The microscope is part 78 
of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 79 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 80 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 81 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 82 
100 and 4000 cm-1. Repeated acquisition on the crystals using the highest magnification (50x) 83 
were accumulated to improve the signal to noise ratio in the spectra. Spectra were calibrated 84 
using the 520.5 cm-1 line of a silicon wafer.    85 
Infrared spectroscopy 86 
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Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 87 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 88 
obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a mirror velocity of 89 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   90 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 91 
Germany) software package which enabled the type of fitting function to be selected and 92 
allowed specific parameters to be fixed or varied accordingly. Band fitting was done using a 93 
Lorentz-Gauss cross-product function with the minimum number of component bands used 94 
for the fitting process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and 95 
fitting was undertaken until reproducible results were obtained with squared correlations (r2) 96 
greater than 0.995.  Band fitting of the spectra is quite reliable providing there is some band 97 
separation or changes in the spectral profile.   98 
 99 
Density Functional Theory (DFT) calculations 100 
Calculations were attempted using the Gaussian 03 program and the GaussView3.0 101 
(Gaussian, Inc., Wallingford, CT) front end, running on an SGI Origin 3000 supercomputer 102 
comprising 116 processors and 60 GB of memory. The wavenumbers of the fundamental 103 
modes were calculated using density field theory (DFT) with B3-LYP method and a 6-104 
311G+(d) basis set and are reported unscaled. 105 
106 
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Factor Group Analysis  107 
 108 
Table 1: Factor group splitting of the sulfate/phosphate on a C3v site in a 53dD  crystal 109 
Factor Group Analysis of the SO4/PO4 110 
Td C3v D3d 
A1 A1 A1g + A2u 
E E Eg + Eu 
F2 A1 + E A1g + A2u + Eg + Eu 
 111 
The splitting in Table 1 is expected to be applicable for sulfate and phosphate. However, the 112 
Davydov splitting is likely to be weak due to mixed sulfate and phosphate in the C3v site; it is 113 
possible that only site group splitting would be detected. For instance, the ν3 antisymmetric 114 
stretch may not be detected as an A1g + Eg in the Raman spectrum, instead it would be 115 
detected as a single vibration. The irreducible representation for hinsdalite is given by: 116 
         inactiveAinactiveAIREREIRARA ugugugirred 1221 43)(1411108   117 
 118 
RESULTS and DISCUSSION 119 
Background 120 
The mineral hinsdalite contains both sulphate and phosphate anions, and therefore, the 121 
presence of these anions can be observed using vibrational spectroscopy. A good starting 122 
point to study the position of the expected bands is to observe where the bands occur in 123 
aqueous solutions and then to observe the position of the bands resulting from the vibrational 124 
spectroscopy of minerals containing the individual anions. In aqueous systems, the sulphate 125 
anion is of Td symmetry and has a symmetric stretching mode (ν1) at 981 cm-1, a 126 
antisymmetric stretching mode (ν3) at 1104 cm-1, the symmetric bending mode (ν2) at  127 
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451 cm-1 and a ν4 mode at 613 cm-1  [5]. In aqueous systems, Raman spectra of phosphate 128 
oxyanions show a symmetric stretching mode (ν1) at 938 cm-1, the antisymmetric stretching 129 
mode (ν3) at 1017 cm-1, the symmetric bending mode (ν2) at 420 cm-1 and the ν4 mode at 567 130 
cm-1 [5].  131 
S.D. Ross in Farmer’s treatise [26] described the infrared spectra of the jarosite-alunite 132 
minerals  (Table 18.IX page 433). This table compares the infrared spectra of minerals from 133 
the alunite-jarosite supergroups.  Ross reported infrared bands for alunite at 1030 cm-1 (ν1), 134 
475 cm-1 (ν2), 1086, 1170 cm-1 (ν3), 605 and 632 cm-1 (ν4).  OH vibrations were reported at 135 
3485, 505, 780 and 802 cm-1 attributed to the stretching and deformation  modes of OH units.  136 
Infrared bands for jarosite 1018, 1028 cm-1 (ν1), 482 cm-1 (ν2), 1100, 1190 cm-1 (ν3), 638 and 137 
685 cm-1 (ν4).  OH vibrations for jarosite were reported at 3260, 3355, 3430, 512 and 790  138 
cm-1 and were attributed to the stretching and bending modes of OH units.  Raman spectra of 139 
these minerals have also been published elsewhere [21, 22, 27, 28]. These results serve to 140 
show the position of the bands which may be assigned to sulphate and phosphate.  141 
 142 
Density Functional Theory Calculations 143 
DFT calculations were attempted for an isolated (Pb,Sr)Al3(PO4,SO4)2(OH)6 molecule  with 144 
trigonal/rhombohedral geometry space group mR
_
3 with Z=3. The problem arises that the 145 
position of the sulphate and phosphate tetrahedra are random in the hinsdalite structure.  The 146 
sulfate/phosphate share the site 0.69/0.31.  This limits the ability of DFT calculations to 147 
determine the calculated spectroscopic band positions for the mineral.  Further, the exact 148 
position of the protons on the OH units is not defined, making the prediction of bands more 149 
difficult.  The DFT proved very difficult with our resources because the crystal is polymer 150 
like and as above the occupancy issues would be hard to model – i.e. There is no clear 151 
method for how to approach such a problem. 152 
 153 
 154 
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RESULTS AND DISCUSSION 155 
The Raman spectrum of hinsdalite in the 950 to 1200 cm-1 region, and the infrared spectrum 156 
in the 900 to 1300 cm-1 region are displayed in Figures 1a and 1b, respectively.   The Raman 157 
spectrum is characterised by an intense sharp band at 982 cm-1 assigned to the ν1 (PO4)3- 158 
symmetric stretching mode.  The band is asymmetric on the high wavenumber side and a 159 
component band at 997 cm-1 may be resolved. This band is also assigned to the ν1 (PO4)3- 160 
symmetric stretching mode.  The observation of two phosphate symmetric stretching modes 161 
suggests that there are two non-equivalent phosphate units in the structure of hinsdalite.  It is 162 
difficult to observe these bands in the infrared spectrum.  A shoulder band may be resolved at 163 
968 cm-1 which may be assigned to the infrared activated ν1 (PO4)3- band.  Hinsdalite is 164 
characterised by disordered phosphate/sulphate tetrahedra and non-equivalent phosphate units 165 
are observed in the hinsdalite structure [29].   166 
 167 
The Raman spectrum is characterised by an intense sharp band at 1007 cm-1 assigned to the ν1 168 
(SO4)2- symmetric stretching mode.  In addition, an intense sharp band at 1021 cm-1 is found. 169 
This band is also assigned to this vibrational mode.  The very intense and broad band at 1014 170 
cm-1 is due to the infrared activated ν1 (SO4)2- symmetric stretching mode. The broad band at 171 
1105 cm-1 may be attributed to the ν3 (SO4)2- and (PO4)3- antisymmetric stretching modes.  172 
Previous studies by the authors have shown that the position of the symmetric stretching 173 
mode of the sulphate anion for jarosites and alunites is cation dependent [21].  In the infrared 174 
spectrum, the bands at 1064 and 1104 cm-1 are attributed to the (SO4)2- and (PO4)3- 175 
antisymmetric stretching vibrations. Other bands at 1173, 1195 and 1273 cm-1 are found and 176 
are assigned to the ν3 (SO4)2- stretching vibrations.  177 
 178 
The Raman spectrum of hinsdalite in the 350 to 650 cm-1 region and the infrared spectrum in 179 
the 550 to 900 cm-1 region are shown in Figure 2.  This spectral region is where the sulphate 180 
and phosphate bending vibrations are observed.  Raman bands are found at 581 and 614 cm-1.  181 
These Raman bands are assigned to the 4 (SO4)2- bending modes.  For alunites, an intense 182 
Raman band is observed at 655.3 cm-1 with a shoulder at 644.0 cm-1 for K-alunite, 653.6 cm-1 183 
for Na-alunite and 655.1 cm-1 for NH4-alunite. These bands are ascribed to the 4 bending 184 
modes of the sulphate anion [21].  The Raman spectra of the K and Na jarosites [22] in this 185 
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spectral region show bands at around 575, 625 and 641 cm-1.  The observation of multiple 186 
bands in this spectral region supports the concept of reduction in symmetry of the sulphate 187 
anion in the hinsdalite structure.  Other component bands are observed at 374, 463 and 506 188 
cm-1.  In the infrared spectrum, multiple bands are found at 583, 622, 781, 823 and 852 cm-1. 189 
The band at 622 cm-1 is ascribed to the 4 (SO4)2- bending modes.  The observation of 190 
multiple 4 (SO4)2- bands provides evidence for the reduction in symmetry of the sulphate 191 
anion in the hinsdalite structure. The Raman band at 506 cm-1 is assigned to the triply 192 
degenerate 4 (PO4)3- bending modes.  It is possible that the Raman bands at 374 and 463 cm-193 
1 are attributable to the doubly degenerate 2 (SO4)2- bending modes.  The assignment of these 194 
bands is supported by the position of bands in the alunite Raman spectrum. In the Raman 195 
spectrum of alunites, bands are observed for K-alunite at 505, 488 and 482 cm-1; for Na-196 
alunite at 517, 486 and 485.5 cm-1, and for NH4-alunite at 508 and 486.5 cm-1 [21]. A 197 
comparison may also be made with the position of the bands for jarosites [22]. The Raman 198 
spectrum of K-jarosite shows two overlapping bands at 443.7 and 452.8 cm-1 assigned to the 199 
ν2 bending mode.  The observation of two bands was attributed to symmetry lowering. 200 
 201 
It is possible that the Raman band at 374 cm-1 is assignable to the doubly degenerate 2 202 
(PO4)3- bending modes.  In the infrared spectrum bands below 550 cm-1 are not observed as 203 
the bands occur at positions below the detection limit of the ATR instrumentation. The 204 
Raman spectrum of hinsdalite in the 100 to 350 cm-1 region is displayed in Figure 3.  Raman 205 
bands are observed at 108, 143, 187, 250 and 279 cm-1 and are simply described as lattice 206 
vibrations.  Quite intense bands are observed for alunites and jarosites in the very low 207 
wavenumber region.  In the spectra of the low wavenumber region of the K and Na jarosites 208 
two bands are found at around 366 and 299 cm-1.  One probable assignment of these bands is 209 
to FeO stretching vibrations.  An intense band for jarosite is also found at around 230 cm-1. It 210 
may be attributed to OH.....H hydrogen bond vibrations.   211 
 212 
The Raman spectrum of hinsdalite in the 3000 to 3700 cm-1 region and infrared spectrum 213 
over the 2400 to 3800 cm-1 range is displayed in Figure 4a and 4b, respectively.  The intense 214 
Raman bands at 3247, 3472 and 3603 cm-1 are assigned to the OH stretching vibration of the 215 
OH units of the hinsdalite structure.  These three bands provide evidence for the concept that 216 
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all the OH units are not identical in the hinsdalite structure.  Such a concept of non-equivalent 217 
OH units has been discussed for jarosites and alunites. Raman bands of alunites [21] showed 218 
bands at 3509, 3482 cm-1 (K-al) 3492, 3457 cm-1 (Na-al), 3511 cm-1 and 3484 cm-1 (NH4-al). 219 
Infrared spectra of alunites show bands at 3479 cm-1 (K-al), 3454 with a shoulder at 3486  220 
cm-1 (Na-al), and at 3481 cm-1 with a shoulder at 3513 cm-1 (NH4-al).   221 
 222 
The infrared spectrum of hinsdalite in the 1300 to 1800 cm-1 region is displayed in Figure 5. 223 
Two bands are observed at 1597 and 1651 cm-1 and may be attributed to water bending 224 
vibrations of adsorbed water molecules.  It is noted that there are no water units in the 225 
hinsdalite structure. The position of the water bending modes is significant.  The band at 226 
1651 cm-1 is representative of bending modes of strongly hydrogen bonded water molecules, 227 
whereas the band at 1597 cm-1 is due to weakly or non hydrogen bonded water molecules.  228 
Intense infrared bands are observed at 1418 and 1477 cm-1.  Gevorkyan et al. [20] reported 229 
the infrared spectrum of a series of crandallite minerals, including hinsdalite. These authors 230 
suggested that a proton was released from the OH units to form a hydrogen phosphate unit as 231 
opposed to a phosphate anion. In this case it may be possible for one of the OH anions to be 232 
replaced with a water molecule in the hinsdalite structure.    233 
 234 
This concept of non-identical OH units is supported by the infrared spectrum where a 235 
complex set of overlapping bands are observed, showing that there are non-equivalent OH 236 
units in the hinsdalite structure.   Infrared bands are centred upon 3092 cm-1.  IR bands are 237 
observed at 2868, 3092, 3230, 3357, 3463, and 3599 cm-1.  A comparison may be made with 238 
the position of the OH stretching vibrations in alunites. Raman bands for alunites are 239 
observed at 3509, 3482 cm-1 (K-al), 3492, 3457 cm-1 (Na-al), and at 3511 and 3484 cm-1 240 
(NH4-al). Infrared spectra show bands at 3479 cm-1 (K-al), 3454 with a shoulder at 3486 cm-1 241 
(Na-al), and at 3481 with a shoulder at 3513 cm-1(NH4-al). 242 
 243 
The position of the bands suggests that significant hydrogen bonding exists in the hinsdalite 244 
structure. It is inferred that there is more than one distinct OH unit in the unit cell.  These OH 245 
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units may not necessarily be explicitly symmetrically distinct but there is the possibility that 246 
the two water molecules are not equivalent. If we use a Libowitzky type empirical equation, 247 
[30] and we assume that we can use infrared data in the equation, estimates of the hydrogen 248 
bond distances can be obtained.  Studies have shown a strong correlation between OH 249 
stretching frequencies and both O…O bond distances and H…O hydrogen bond distances [31-250 
34]. Libowitzky showed that a regression function can be employed relating the hydroxyl 251 
stretching wavenumbers with regression coefficients better than 0.96 using infrared 252 
spectroscopy [35]. The function is described as: ν1 = 1321.0
)(
109)3043592(
OOd 
 cm-1. Thus 253 
OH---O hydrogen bond distances may be calculated using this Libowitzky empirical 254 
function.  255 
 256 
The values for the Raman OH stretching vibrations for the OH units give calculated 257 
approximate O-H---O hydrogen bond lengths of 2.770, 2.860 and 3.401 Å. If we use the band 258 
positions for the OH stretching wavenumbers, hydrogen bond distances of 2.623, 2.672, 259 
2.714, 2.772, 2.850 and 3.401 Å are obtained. These values suggest that firstly there is a wide 260 
range of hydrogen bond distances and that the hydroxyl units are only weakly hydrogen 261 
bonding to the adjacent sulphate or phosphate anions (determined by the hydrogen bond 262 
distances).  The approximate O-H...O hydrogen bond lengths calculated for the water 263 
stretching vibrations are 2.7 Å (3072 cm-1) and 2.8 Å (3409 cm-1). Thus, OH units with 264 
different hydrogen bond distances are found in the hinsdalite structure. These results suggest 265 
that the OH units belonging to the O3POH units are involved in hydrogen bonding to varying 266 
strengths according to their position in the hinsdalite structure.  This variation is also 267 
observed in the width of the Raman bands. Further, O3POH units are significantly more 268 
strongly hydrogen bonded than the OH units. Variation in the hydrogen bond distance of 269 
jarosites for the 3411 cm-1 band is between 2.760 and 2.867 Å.  The variation for the 3292 270 
cm-1 band is between 2.678 and 2.857 Å.  In contrast, the variation in hydrogen bond distance 271 
for the 3388 cm-1 band of the natural K-jarosite is between 2.778 and 2.796 Å, and for the 272 
3357 cm-1 band the distance is between 2.764 and 2.778 Å.   273 
 274 
Conclusions 275 
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Bands associated with phosphate and sulphate vibration modes dominate the Raman and 276 
infrared spectra of hinsdalite. The majority of the Raman and infrared bands were assigned to 277 
the symmetric stretching modes (ν1), the antisymmetric stretching modes (ν3), the symmetric 278 
bending modes (ν2), and the ν4 bending modes of phosphate and sulfate.  A comparison is 279 
made with the spectra of alunites. The most intense modes in the Raman spectrum are the 280 
symmetric stretching modes of phosphate and sulphate. Two symmetric stretching modes for 281 
both phosphate and sulphate support the concept of non-equivalent phosphate and sulphate 282 
units in the hinsdalite structure. Bands in the OH stretching region enabled the hydrogen 283 
bond distances to be calculated. Comparison of the hydrogen bond distances and the 284 
calculated hydrogen bond distances from the structure models indicates that hydrogen 285 
bonding in hinsdalite between the OH, -24SO and 
-3
4PO  units are at varying strengths in the 286 
hinsdalite structure. 287 
 288 
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